Nanoparticles with anti-Stokes emissions enable many sensing applications, but their efficiencies are considerably low. The key to enable the process of anti-Stokes emissions is to create phonons and assist the excited photons to be pumped from a lower energy state onto a higher one. Increasing the temperature will generate more phonons, but it unavoidably quenches the luminescence. Here by quantifying the number of phonons being generated from the host crystal and at the surface of Yb 3+ /Nd 3+ co-doped nanoparticles, we systematically investigated mechanisms towards the large enhancements of the phononassisted anti-Stokes emissions from 980 nm to 750 nm and 803 nm. Moreover, we provided direct evidence that moisture release from the nanoparticle surface at high temperature was not a main reason. We further demonstrated that the brightness of 10 nm nanoparticles were enhanced by more than two orders of magnitude, standing in stark contrast to the thermal quenching effect.
Anti-Stokes emission process, where radiative transitions occur at energy levels higher than that of the absorbed excitation photons, has enabled a wealth of optical techniques, such as micro-imaging 1, 2 , laser cooling 3, 4 , coherent anti-Stokes Raman spectroscopy (CARS) 5, 6 , photon energy upconversion 7, 8 , and optical thermometry 9, 10 . In particular, nanoscopic probes with antiStokes emission properties, like the multi-photon upconversion nanoparticles, are highly attractive to many emerging applications in optical imaging and nanoscale sensing, as it can efficiently remove the detection noise from excitation scatterings and fluorescence background [11] [12] [13] [14] [15] [16] .
Comparing with the multi-photon upconversion process, the phonon-assisted linear antiStokes system only needs one lower-energy photon to produce one higher-energy photon, but it is hard to achieve high efficiency when the anti-Stokes shift is relatively large. As illustrated in Figure 1 , to promote the unusual anti-Stokes emission process and meet the energy gaps, inside the crystal hosts and required the increased temperature to favour more phonon generations 17, 18 . But higher temperature often 'kills' the emission intensity, known as thermal quenching effect. Therefore, the solutions are often around the exploration of more efficient host materials for generating heat-favourable phonons and proper management of thermal quenching effect 19 . It becomes more challenging when developing a nanoscopic anti-Stokes optical probe, as the increased amount of quenchers at the relatively large surface becomes more active in decreasing the brightness of the nanoparticle probes at increased temperature 20 . Here we report the dramatically enhanced linear anti-Stokes emissions from lanthanide doped luminescent NaYF4:Yb 3+ , Nd 3+ nanocrystals system. This takes advantage of the phonons generated at the surface of nanomaterials (illustrated in Figure 1d ) to break through the limitation in producing the high-efficient linear anti-Stokes emissions. To exclude what we observed was not the cooperative two-photon upconversion process but the linear one-photon energy transfer 28 , we first tested the power dependence of the 803 nm transitions at room temperature, and found as long as the excitation power density was smaller than 2×10 5 W/cm 2 the anti-Stokes emissions from Nd 3+ were a linear process (Figure 2c ). We then tested the power dependence at 413 K and observed the smaller double-log intensity-power slopes at 413 K than that of 298 K (Figure 2c ), which indicated that the phonon-assisted one-photon upconversion was even more pronounced at high temperature because of the availability of more active phonons.
As predicted, the cooperative two-photon upconversion process only appeared obviously under an extremely high excitation power at low temperature. These findings have confirmed the linear antiStokes emissions from the Yb To further optimise the enhancement factor and achieve strong anti-Stokes emission in NaYF4:
, Nd 3+ nanoparticles, we prepared a series of ~10 nm nanocrystals to take advantage of their relatively large surface area for surface phonon assistance. TEM results confirmed all the eight samples with various doping concentration had quite similar sizes around 10 nm (Figure 3a and
Supplementary Figure 1) , and showed a significant amount of enhancement by more than two orders of magnitude after the temperature increased to 453 K (Figure 3a) . Interestingly, we found 19 . Additionally, the quantitative assessment indicated that the enhancement factor had no obvious correlation with the absolute intensity of the nanocrystals (Supplementary Figure 2) . Furthermore, by removing OA from both 10 nm and 25 nm samples' surface (confirmed by FTIR in Supplementary Figure 3) , we observed the apparent difference that the enhancement in the OA-capped samples was much higher than it in the OAfree samples (Figure 3b ).
Except the demonstrated surface and host phonon assistance, there are also some other effects may lead to the thermal induced luminescence enhancement [32] [33] [34] . To verify whether they coexist for the thermal enhancement, we carried out the heating-cooling cycle test. Figure 3c showed a dual-cycle repeatability test in the air, the reversible emission intensity at room temperature excluded the high temperature annealing effect, which would cause intrinsic structure change of 4 and 5), and subsequently reduced the temperature to 303 K. As shown in Figure 4b and 4c, we obtained the emission spectra before and after moisture release (Supplementary Figure 6) , which corresponded to enhancement factors of 1.8 and 2.6 folds in the 25 nm OA-capped and OA-free samples, and 9.8 and 4 folds for the 10 nm OA-capped and OA-free samples, respectively.
Significantly, without the interference from moisture, with additional surface phonon assistance (Figure 4d ), we found OA-capped nanoparticles had stronger thermal enhancement than that of OA-free nanoparticles for both 25 nm and 10 nm samples, as shown in Figure 4e and 4f. The quantitative results clearly showed that the assistance of OA contributed to the thermal enhancement from a factor of 28.9 to 33.6 in the 25 nm sample (Figure 4g) , and from 21.7 to 29.9
in the 10 nm sample (Figure 4h ), which has confirmed the essential role of the surface mode in the enhancement. It was worthy noting that compared to the 25 nm nanoparticles, the 10 nm nanoparticles exhibited stronger effects associated with both mechanisms of the moisture release and OA assistance, which might be due the higher surface to volume ratio of 10 nm sample.
In summary, by achieving the unusual large enhancement for the one-photon anti-Stokes luminescence in Yb 3+ /Nd 3+ co-doping nanosystems, at high temperature, and particularly for ultrasmall nanoparticles (~10 nm in diameter), this work suggests a large scope for fundamental research on further investigating the phonon-assisted photon conversion process and physical chemistry aspects at the surface of luminescent nanomaterials. This work further suggests new ways in designing anti-thermal-quenching phosphors, high efficient sensors, and temperatureresponsive nanophotonics devices for practical applications in the broad areas of bio-imaging, laser cooling, CARS spectroscopy, and nanoscale thermometry. washed for 3 times with 4 ml ethanol and 4 ml deionized water to get the ligand-free nanoparticles.
Characterization techniques
The morphology of the formed materials was characterized via transmission electron microscopy (TEM) imaging (Philips CM10 TEM with Olympus Sis Megaview G2 Digital Camera) with an operating voltage of 100 kV. The samples were prepared by placing a drop of a dilute suspension of nanocrystals onto copper grids.
The morphology of the annealed nanocrystal was characterized via scanning electron microscope (SEM) imaging (Supra 55VP, Zeiss) operated at 20.00 kV.
Fourier transform infrared (FTIR) spectra of the OA --capped and OA --free nanocrystals were measured on a FTIR spectrometer (Nicolet 6700, Thermo Scientific).
Temperature dependent spectra measurement
The temperature dependent spectra were measured with a home-built photoluminescence spectroscopy system. A fiber-coupled 976.5 nm diode laser (BL976-PAG500, controller CLD1015, Thorlabs) with adjustable power up to 500 mW works as the pumping source. By using a temperature heating stage (thermocouple TH100PT, heater HT24S, controller TC200, Thorlabs), the spectra could be measured from room temperature to 453 K by a commercial spectrometer Scale bar is 20 nm.
